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Introduction {#sec001}
============

Enterovirus 71 (EV71) is a human enterovirus in the *Enterovirus* genus of the *Picornaviridae* family. EV71 infection was first recognized in 1974 in the United States\[[@pone.0116278.ref001]\]. Subsequent outbreaks were reported in Australia, Sweden, Japan, Bulgaria, Hungary, Hong Kong, and Malaysia. Several severe EV71 endemics have since occurred in Taiwan and the Asia-Pacific region, and EV71 has emerged as a serious threat to public health in the Western Pacific region\[[@pone.0116278.ref002]--[@pone.0116278.ref005]\]. EV71 infection primarily causes hand-foot-mouth disease (HFMD) in young children. Most patients are febrile at diagnosis and some even present with a temperature exceeding 39 degrees. Live EV71 virus can be easily cultured from these febrile patients, indicating that EV71 may be resistant to high temperature\[[@pone.0116278.ref003]\]. In addition to HFMD and herpangina, severe neurological complications such as meningitis, poliomyelitis-like syndrome, and fatal pulmonary edema have also occurred occasionally. Brain stem encephalitis is the cardinal feature of EV71 central nervous system (CNS) involvement and is also associated with high mortality (about 26%)\[[@pone.0116278.ref003]\]. The pathogenesis of EV71 infection is not clear and there is, as yet, no available vaccine or effective antiviral agent.

EV71 is a non-enveloped virus with icosahedral structure built by capsid proteins known as VP1, VP2, VP3 and internal VP4. In addition to 4 structural proteins, there are another 7 non-structural proteins (2A, 2B, 2C, 3A, 3B, 3C and 3D) which are responsible for EV71 virus replication as encoded in the EV71 genome\[[@pone.0116278.ref006]\]. In order to successfully replicate in host cells, viruses usually require host factors to facilitate their replication. Emerging reports have found several host proteins participating in EV71 replication. Heterogeneous nuclear ribonucleoprotein A1 (hnRNP A1), and far-upstream element-binding proteins 1 and 2 (FBP1 and FBP2) have been shown to regulate EV71 internal ribosome entry site (IRES) activity\[[@pone.0116278.ref007]--[@pone.0116278.ref009]\]. Both hnRNP K and reticulon 3 can enhance viral RNA synthesis\[[@pone.0116278.ref010],[@pone.0116278.ref011]\]. Heat shock protein-90 beta (HSP 90β) has recently been reported to support EV71 viral particle assembly and is associated with released virions instead of promoting viral replication\[[@pone.0116278.ref012]\]. On the other hand, EV71 can interfere with host mRNA polyadenylation by cleaving the cleavage stimulation factor 64 subunit (CstF-64) that is in turn beneficial for its own replication\[[@pone.0116278.ref013]\]. These studies not only point to the importance of host factors in EV71 replication but also provide potential antiviral targets.

Galectin-1 has been identified as a soluble beta-galactoside binding lectins and its functions are dependent on multivalent glycan binding\[[@pone.0116278.ref014]\]. The expression of galectin-1 is abundant in brain and lymphoid tissues, and it has been shown to regulate multiple neuron degeneration and immune responses\[[@pone.0116278.ref015]\]. Recent reports have revealed that galectin-1 can be upregulated by bacteria or virus infection. The free form galectin-1 can interact with these viruses either enhancing their binding to host cells, or interfering their maturation \[[@pone.0116278.ref016]--[@pone.0116278.ref019]\]. The role of galectin-1 in EV71 infection and pathogenesis is unclear. In this study, we report that the serum level of galectin-1 in patients is increased. Galectin-1 is found to bind EV71 during viral replication and also on released virions in a cultured neuron cell line. The virion-associated galectin-1 is crucial for EV71 to infect new target cells and animals hosts, and to facilitate virus against thermal and environmental stress. We draw attention to how that galectin-1 contributes to EV71 replication and disease pathogenesis.

Results {#sec002}
=======

EV71 binds to galectin-1 {#sec003}
------------------------

Lectin is a specific carbohydrate binding protein. A recent study demonstrated that cell surface glycosylation may affect EV71 binding to host cells\[[@pone.0116278.ref020]\], indicating that carbohydrate binding proteins as lectins may participate in the interaction between EV71 virus and host cells. Thus, we first examined whether EV71 can bind to plant lectins through different carbohydrate binding moieties. Lectins such as Concanavalin A (Con A, mannose or glucose-specific), Lens culinaris agglutinin (LCA, mannose or glucose-specific), Ricinus communis agglutinin (RCA, N-acetyl galactosamine or galactose-specific), Wheat germ agglutinin (WGA, N-acetyl glucosamine or sialic acid-specific), or Dolichos biflorus agglutinin (DBA, N-acetyl galactosamine-specific) were coated on the plate to capture the EV71 virions. The bound EV71 was detected by anti-EV71 mAb and second anti-mIgG-HRP conjugate. The Con A, LCA, RCA, WGA, and DBA lectins can all capture the EV71 ([S1 Fig](#pone.0116278.s001){ref-type="supplementary-material"}.). It seemed that EV71 might contain various types of carbohydrates on the virions to bind lectins. Galectin-1 is a galactose-specific binding lectin in mammalian cells. Moreover, we found that an extreme upsurge in serum galectin-1 was seen in severe EV71-infected children ([Fig. 1A](#pone.0116278.g001){ref-type="fig"}). Hence we further investigated the interaction efficiency of galectin-1 with EV71 virus. Using a recombinant galectin-1coated ELISA plate, the EV71 virions were found to bind galectin-1 at virus titer up to 10^6^ PFU ([Fig. 1B](#pone.0116278.g001){ref-type="fig"}). To further confirm the binding in solution between galectin-1 and EV71, the EV71 stock was mixed with recombinant his-tagged galectin-1 in solution, which was eventually separated by TALON metal affinity resins, and the pull-down EV71 was detected by anti-VP1 antibody on Western blot. As shown in [Fig. 1C](#pone.0116278.g001){ref-type="fig"}, galectin-1 can pull down the EV71 in a dose-dependent manner. This binding has carbohydrate specificity, as galactose and N-acetyl-glucosamine can competitively inhibit the EV71 binding to galectin-1 ([Fig. 1D](#pone.0116278.g001){ref-type="fig"}). These data confirmed that EV71 can bind to several different lectins, including galectin-1.

![EV71 viruses bind to galectin-1.\
(A) Galectin-1 serum levels are increased in EV71-infected patients. Seven clinical severe EV71-infected patient sera, five non-severe EV71-infected patient sera and twelve non-infected control sera were collected to detect galectin-1 by ELISA. \*p\<0.05 by Kruskal-Wallis test. (B) EV71 viruses are captured by galectin-1. EV71 viruses in 10 fold serial dilution from 10^6^ PFU to 10^4^ PFU were added to galectin-1-coated ELISA plate. The bound viruses were detected by anti-EV71 antibody and HRP-conjugated goat anti-mouse IgG antibody. \*p\<0.05 compared to medium group by one-way ANOVA followed by Tukey correction. (C) EV71 viruses are pulled down with galectin-1. EV71 viruses (1×10^6^ PFU) were incubated with 5, 10, 20 μg recombinant galectin-1 at 4°C overnight. The EV71/galectin-1 complexes were then pulled down by using TALON metal affinity resins. The protein level of pulled down VP1 of EV71was detected by Western blotting and further normalized with input VP1 of EV71. This representative result was from one of two independent experiments. (D) Galactose and N-acetyl-glucosamine inhibit EV71 viruses binding to galectin-1. EV71 viruses were pre-incubated with galactose or N-acetyl-glucosamine at 4°C for 2 h and then added to galectin-1-coated ELISA plate1 at 37°C for another 2 h. The bound viruses were detected by anti-EV71 antibody and HRP-conjugated goat anti- mouse IgG antibody. \*p\<0.05 compared to non-adding carbohydrates group by one-way ANOVA followed by Tukey correction.](pone.0116278.g001){#pone.0116278.g001}

Galectin-1 interacts with EV71 virus in infected host cells and also on released virions {#sec004}
----------------------------------------------------------------------------------------

We next examined whether the binding between galectin-1 and EV71 virus had occurred in EV71-infected cells. Human neuroblastoma (SK-N-SH) or rhabdomyosarcoma (RD) cells were infected with EV71 virus to monitor the interaction of virus and galectin-1. Using immunofluoresce staining, galectin-1 was found to colocalize with EV71 virus in SK-N-SH or RD cells under a conforcal microscope ([Fig. 2A](#pone.0116278.g002){ref-type="fig"}). To further confirm the interaction between galectin-1 and EV71, the co-immunoprecipitation of galectin-1 and EV71 was performed on EV71-infected cells. As shown in [Fig. 2B](#pone.0116278.g002){ref-type="fig"}, the anti-galectin-1 antibody can precipitate the EV71-galectin-1 complexes that were detected with immunoblot by anti-EV71 as well as anti-galectin-1 antibody. These are found for both SK-N-SH and RD cells, indicating that galectin-1 interacts with EV71 virus during replication. To further determine which EV71 capsid protein is the binding target of galectin-1, each FLAG-VP1,-VP2 or-VP3 protein construct was co-transfected with GFP-galectin l construct to 293T cells. The protein-protein interactions were determined by confocal microscopy. Both VP1 and VP3, but not VP2, showed both co-localization and co-immunoprecipitation with galectin-1 in 293 T cells ([Fig. 2C and D](#pone.0116278.g002){ref-type="fig"}), suggesting that galectin-1 binds EV71 virus via VP1 and VP3. Since EV71 virus can bind galectin-1, we further determined whether galectin-1 is associated with released EV71 virions. The released EV71 virions were collected from supernatants of EV71- infected SK-N-SH cells and then captured and detected by anti-galectin-1 or anti-EV71 antibody-based ELISA. It was found that galcetin-1/EV71 virion complexes were captured by either anti-galectin-1 or anti-EV71 antibody ([Fig. 3A](#pone.0116278.g003){ref-type="fig"}). These galectin-1 containing EV71 virions were also precipitated by anti-galectin-1 antibody ([Fig. 3B](#pone.0116278.g003){ref-type="fig"}). To further determine whether the galcetin-1/EV71 virion complexes can bind to host cells, the collected EV71 virions were incubated with SK-N-SH cells at 4°C to monitor the cell-surface-bound galectin-1.As shown in [Fig. 3C](#pone.0116278.g003){ref-type="fig"}, the surface-bound galectin-1 on SK-N-SH cells was increased after incubating with EV71, indicating that galectin-1 is coupled with these EV71 virions. These results demonstrate that cellular galectin-1 can interact with EV71 virus not only during replication within host cells but also on released virions.

![EV71 viruses interact with cellular galectin-1 in EV71-infected cells.\
(A) Co-localization of galectin-1 and EV71 in EV71-infected cells. SK-N-SH or RD cells were infected with EV71 viruses with MOI = 1 for 8 h and then stained with Hoechst 33258, anti-EV71, and anti-galectin-1 antibodies. The distributions of these proteins were analyzed by confocal microscopy. The co-localization of EV71 and galectin-1 is indicated by arrows. (B) Co-immunoprecipitation of galectin-1 and EV71virus from EV71-infected cells. SK-N-SH and RD cells were infected with EV71 virus with MOI = 1 for 8 h. Cells were lysed and then precipitated by anti-galectin-1 antibody. The precipitated proteins were analyzed by Western blotting. EV71 viruses input as positive control. (C) Galectin-1 interacts with VP1 and VP3 of EV71. 293T cells were co-transfected with pEGFP-galectin-1 and pFLAG-MSCV (VP1, VP2 or VP3) for 24 hours. The cells were fixed and stained with anti-Flag antibody. The colocalization of three VP proteins and galectin-1 was detected by confocal microscopy. The arrows indicate colocalization of the VP protein and galectin-1. (D) Co-immunoprecipitation of galectin-1 and EV71 VP proteins. Galecin-1-GFP, VP1-FLAG, VP2-FLAG and VP3-FLAG plasmids were introduced to 293T cells. Cells were lysed and then precipitated by anti-FLAG antibody. The precipitated proteins were detected by Western blotting. Results are representative of two independent experiments.](pone.0116278.g002){#pone.0116278.g002}

![Galectin-1 is associated with released EV71 virions.\
(A) Detection of galectin-1/EV71 virion complexes by ELISA. EV71 viruses in 10-fold serial dilutions from 10^6^ to 10^4^ PFU were added to anti-EV71 antibody-coated (left panel) or anti-galectin-1 antibody-coated (right panel) 96-well plates to detect galectin-1 or EV71, respectively. \*p\<0.05 compared to medium group by one-way ANOVA followed by Tukey correction. (B) Immunoprecipitation of galectin-1 with EV71 virions. EV71 virions (10^4^, 10^5^, 10^6^ PFU) were incubated with anti-galectin-1 antibody at 4°C overnight. After purification by protein G-agarose beads, the precipitated proteins were analyzed by Western blotting. (C) Galectin-1 to bind SK-N-SH cells alone with EV71 viruses. SK-N-SH cells were incubated with medium (mock) or EV71 viruses (MOI = 100) at 4°C for 1 hour. The surface galectin-1 of mock or EV71-incubated SK-N-SH cells was determined by flow cytometry. Results are representative of two (C) or three (A, B) independent experiments.](pone.0116278.g003){#pone.0116278.g003}

Virion-associated galectin-1 contributes to EV71 viral infectivity and virulence {#sec005}
--------------------------------------------------------------------------------

In order to determine the role of virus-associated glaectin-1 on EV71 infection, we tried to generate galectin-1-/- EV71 virus from galectin-1-deficinet cells. Using a lentiviral vector containing galectin-1 shRNA, the galectin-1 was successfully silenced in SK-N-SH cells ([Fig. 4A](#pone.0116278.g004){ref-type="fig"}). The EV71 viruses propagated from galectin-1 silenced SK-N-SH cells showed similar viral structure as wild type viruses by electronic microscopy observation ([S2 Fig](#pone.0116278.s002){ref-type="supplementary-material"}.), and were then collected to detect virus-associated galectin-1. Compared to those from wild type cells, EV71 viruses propagated from glaectin-1 silenced cells did not contain any galectin-1 protein, as confirmed by both antibody-based precipitation assay and ELISA ([Fig. 4B and C](#pone.0116278.g004){ref-type="fig"}). Next, we proceeded by examining the infectivity and virulence of the galectin-1-free EV71 viruses. We found that galecetin-1-/- EV 71 viruses showed a lower binding ability to host cells compared with the wild type virus ([Fig. 5A](#pone.0116278.g005){ref-type="fig"}). They also infected fewer SK-N-SH cells and caused a milder cytopathic effect ([Fig. 5B](#pone.0116278.g005){ref-type="fig"}), indicating that the galectin-/- EV71 viruses presented reduced infectivity. Such a marked decline in cell binding and infectivity of galectin-1-/- EV71 viruses was recovered by a supplement of recombinant galectin-1 ([Fig. 5A and B](#pone.0116278.g005){ref-type="fig"}).To evaluate the virulence of the virus, one week-old C56BL/6 mice were infected with either wild type or galectin-1-/- EV71 viruses to monitor virus-caused mice neuropathological symptoms and mortality. The mice infected with wild type EV71 viruses showed initial clinical signs of hunchback and wasting from day 3 after infection and further suffered from limb weakness and paralysis with the progressing number of days, and almost all died by around day 9. However, those mice which were infected with galectin-1-/- EV71 viruses presented mild neuropathological symptoms and a high survival rate (70%) ([Fig. 5C](#pone.0116278.g005){ref-type="fig"}). These results indicate that EV71 virus-coupled galectin-1 can promote viral infectivity and virulence.

![EV71 viruses propagated from galectin-1 silenced cells do not carry galectin-1.\
(A) Galectin-1 is silenced by lentiviral vector-based shRNA. SK-N-SH cells were infected with lentiviruses encoding a galectin-1 shRNA for 48 h. The silencing of galectin-1 in SK-N-SH cells was determined by Western blotting. (B) Co-immunoprecipitation of WT EV71 or galetin-1 -/- EV71 virus with galectin-1. WT or galectin-1 -/- EV71 viruses were immunoprecipitated by anti-EV71 antibody. The expressions of galectin-1 and EV71 were analyzed by Western blotting. (C) Detection of galectin-1 on WT or galectinl-1 -/- EV71 viruses by ELISA. EV71 in 10 fold serial dilutions from 10^6^ to 10^4^ PFU was added to anti-EV71 antibody-coated (left panel) or anti-galectin-1 antibody-coated (right panel) 96-well plate to detect galectin-1 or EV71, respectively. \*p\<0.05 compared to medium group by one-way ANOVA followed by Tukey correction. Results are representative of three independent experiments.](pone.0116278.g004){#pone.0116278.g004}

![Galectin-1-/- EV71 shows less cellular binding, infectivity, mice neurological syndromes, and mortality.\
(A) Galectin-1-/- EV71 viruses reduce their cell binding activity. SK-N-SH cells were incubated with WT, galectin-1 -/- EV71 or galectin-1 -/- EV71 viruses with recombinant galectin-1 (25 ng/ml) at 4°C (MOI = 100) for 3 h. The surface-bound EV71 was detected by anti-EV71 antibody and hence analyzed by flow cytometry. \*p\<0.05 by one-way ANOVA followed by Tukey correction.(B) Galectin-1-/- EV71 viruses show lower infectivity than WT viruses. SK-N-SH cells were infected with WT, galectin-1 -/- EV71 or galectin-1 -/- EV71 viruses with recombinant galectin-1 (25 ng/ml) at 37°C (MOI = 0.5) for 12 h. The EV71-infected cells were analyzed by anti-EV71 antibody via flow cytometry. The virus-induced cytopathic effect was monitored under a microscope. \*p\<0.05 by one-way ANOVA followed by Tukey correction.(C) Galectin-1-/- EV71 viruses cause less neurological syndromes and mortality in mice. One week-old C56BL/6 mice were infected with 10^6^ PFU of WT (n = 7) or galectin-1 -/- EV71 (n = 6) by intraperitoneal injection. The clinical scores and survival rate were monitored daily post-infection. \*\* p\<0.01 by the log-rank (Mantel-Cox) test. Results are representative of two (A, B) or three (C) independent experiments.](pone.0116278.g005){#pone.0116278.g005}

Galectin-1 facilitates EV71 viruses against thermal and environmental stress {#sec006}
----------------------------------------------------------------------------

In clinical practice, severe EV71-infected patients usually carry a high fever, as well as high virus titers, suggesting that EV71 viruses might be resistant to high temperatures.\[[@pone.0116278.ref003]\] Since EV71 viruses carried galectin-1 to support their infection, we next tried to investigate whether EV71 virus-bound galectin-1 was able to assist viruses against temperature-induced damage. Wild type or galectin-1-/- EV71 viruses were incubated at 39°C for 4 hours and then their infectivity to cells was evaluated. According the results shown in [Fig. 6A](#pone.0116278.g006){ref-type="fig"}, the infection rates for the wild type virus declined from 69% to 44% after heat treatment. However, infection rates of galectin-1-/- EV71 viruses dramatically dropped from 55.6% to 4.6% after heat treatment. Compared to wild type viruses, the viral particles of these galectin-1-/- EV71 viruses exhibited an intensified irregularity in their structures after heating them at 39°C ([S2 Fig](#pone.0116278.s002){ref-type="supplementary-material"}.). Furthermore, such a marked decline in infectivity of heat-treated galectin-1-/- EV71 viruses was recovered by a supplement of recombinant galectin-1. This indicates that EV71-bound galectin-1 can help viruses to resist temperature-induced damage. In addition to thermal stress, the role of galectin-1 in the EV71 virus long term stability was also examined. Wild type or galectin-1-/- EV71 viruses were stored at 4°C for 30 days and then their infectivity to cells was evaluated. Compared to viral infectivity since day 0, the infectivity of wild type EV71 viruses has declined by 60% on day 30. However, an almost 85% drop in infectivity occurred in galectin-1-/- EV71 viruses, which was partially reversed by the supplement of recombinant galectin-1 ([Fig. 6B](#pone.0116278.g006){ref-type="fig"}). These results indicate that EV71 viruses are resistant to thermal and environmental stress through the galectin-1 protein.

![Galectin-1 facilitates EV71 viruses against thermal and environmental stress.\
WT EV71, galectin-1 -/- EV71 or galectin-1 -/- EV71 viruses with recombinant galectin-1 (25 ng/ml) were heated to 39°C for 4 h, and then infected SK-N-SH cells at 37°C (MOI = 0.5) for another 12 h. The infection rates of EV71 viruses were detected and analyzed by flow cytometry. (B) WT EV71, galectin-1 -/- EV71 or galectin-1 -/- EV71 viruses with recombinant galectin-1 (25 ng/ml) were stored at 4°C for 30 days, and then infected SK-N-SH cells at 37°C (MOI = 0.5) for 12 h. The relative infection rate was compared to freshly isolated EV71 virus of each group. \*p\<0.05 by one-way ANOVA followed by Tukey correction. Results are representative of two (B) or three (A) independent experiments.](pone.0116278.g006){#pone.0116278.g006}

Discussion {#sec007}
==========

EV71 has a pentameric icosahedral outer capsid consisting of 60 copies of each of four structural proteins. These capsid proteins not only function as a receptor binding site, but also as the antigenic determinant recognized by the host antibody. We found that EV71 can bind to galectin-1 via VP1 and VP3. This binding occurs during viral replication within cells and also on released virions. EV71 virion-associated galectin-1 can facilitate the virus to efficiently attach and hence infect new host cells. Galectin-1-/- EV71 virus is shown to be less infectious and virulent in neuron cells and mice, respectively. It also is less stable in response to high temperature or long-term environmental stress without galectin-1, indicating the crucial role of galectin-1 in the EV71 replication cycle. Our findings suggest that the high level of serum galectin-1 in febrile patients might contribute to disease progress via maintaining EV71 virus infectivity and stability.

Fever is considered to be a host protective mechanism to limit virus replication because temperature is a key factor to mediate virus inactivation \[[@pone.0116278.ref021]\]. Thus, temperature sensitivity becomes a decisive factor for virus survival in hosts. Recent studies have also pointed out that the temperature sensitivity of EV71 virus may contribute to disease severity in EV71 infected patients. For instance, temperature resistant strains of EV71 are more infectious and virulent to primates than temperature sensitive ones\[[@pone.0116278.ref022]\]. Arita et al. reported that temperature sensitive mutant EV71 causes attenuated neuropathological changes and limited viral spread in monkeys\[[@pone.0116278.ref023]\]. More recently, Kung et al. revealed that EV71 viruses isolated from mild HFMD or herpangina patients are less resistant to high temperature (over 39°C) than those from severe neurological patients. They further demonstrated that amino acid sequence substitution of EV71 3D polymerase at 251 from isoleucine to threonine could result in reducing virus temperature sensitivity \[[@pone.0116278.ref024]\]. These studies suggested that EV71 viral genome mutation, particularly as in 3D polymerase, could help the virus to replicate within cells at a high temperature and hence promote neurological damage. However, how released EV71 viruses keep their stability to high temperature is poorly understood. Here we demonstrated that host cellular protein galectin-1 is associated with released EV71 virions to assist the virus against thermal and environmental stress. To our knowledge, this is the first report to reveal how EV71 virus utilizes a host factor to maintain its stability and infectivity.

Galectin constitutes a lectin family with a characteristic carbohydrate recognition domain of 130 amino acids. Mammalian galectins have been classified as proto, chimera or tandem repeat types. By recognizing carbohydrate moieties on the surface of viruses, bacteria, or fungi, galectin-1 functions as a pattern recognition receptor to defend against these pathogens, or in certain cases, it may serve as a stepping stone for their successful invasion. Hendra virus, Nipah virus, HIV virus and influenza virus have all been shown to interact with extracellular galectin-1. This interaction can interfere in Hendra or Nipah virus binding to host cells, but not in HIV or influenza virus\[[@pone.0116278.ref017],[@pone.0116278.ref025]\]. Although the molecular mechanism that makes this difference is not clear, the glycan-dependent receptor binding between virus and host cells might be crucial. It is known that Nipah and Hendra virus bind their receptor by an extensive protein-protein interface, not via a glycan-dependent interaction as in HIV or influenza \[[@pone.0116278.ref017],[@pone.0116278.ref025]\]. In this study, we also observed that galectin-1 interacts with EV71 via galactose to increase its binding on host cells. This indicates that glycan-dependent attachment between virus and host cells could be enhanced in the presence of galectin-1. EV71 is a non-enveloped virus which viral proteins are synthesized in the cytosol and theoretically poor glycosylated. However, in this study, we did find EV71 viruses have affinity to several plant lectins and galectin-1, suggesting that there are some glycans on the viruses. Since these viral capsids are less glycosylated, we speculated that other glycosylated molecules, such as glycoproteins, might mediate the interaction of lectins and EV71 viruses. Recent studies demonstrated that EV71 can bind to several host proteins, such as annexin II and HSP90, to enhance viral infectivity. Annexin II and HSP90 are known highly glycosylated proteins with N-acetyl glucosamine modification \[[@pone.0116278.ref026],[@pone.0116278.ref027]\]. Our results suggested that N-acetyl glucosamine may mediate interaction between galectin-1 and EV71. Such glycoproteins with affinity to EV71 capsid proteins might be responsible for linking the lectins and viruses. That needs to further investigate.

Several human receptors have been reported as EV71 receptors. Using the cDNA library from the Jurkat T cell, which is susceptible to EV71 infection, to transfect into the resistant 293T cells, Nishimura *et al*., identified human P-selectin glycoprotein ligand-1 (PSGL-1) as a functional receptor\[[@pone.0116278.ref028]\]. With a similar approach of using genomic DNA from RD cells to transfect the L929 cells, Yamayoshi *et al*. identified another human scavenger receptor B2 (SCARB2) as a cellular receptor for EV71\[[@pone.0116278.ref029]\]. Furthermore, dendritic cell-specific intracellular adhesion molecules (DC-SIGN), heparin sulfate, annexin-II, HSP90 and vimentin have been shown to enhance EV71 infection \[[@pone.0116278.ref030]--[@pone.0116278.ref034]\].These studies indicate that EV71 may infect cells through interacting with different binding receptors and other accessory proteins. Here, we demonstrated that EV71 coupled with galectin-1 can increase both viral binding and infectivity. Our results suggest that the cell surface galectin-1 receptors might be responsible for this enhancement. Some of galectin-1 receptors, such as human brain galectin-1-binding polypeptide of 82 kDa (HBGp82) or GM-1 ganglioside, are highly expressed on neuron cells\[[@pone.0116278.ref035]\]. The contributing role of these galectin-1 receptors on EV71 infection is worth investigating further. The intracellular function of galectin-1 is different from classical surface or extracellular galectin-1 that interacts with glycan chains of glycoprotein in a carbohydrate-dependent manner. For the intracellular galectin-1, it can also bind oncogenic H-Ras to mediate Ras membrane anchorage and enhance the Ras activity \[[@pone.0116278.ref036],[@pone.0116278.ref037]\]. In addition, galectin-1 or 3 can bind to ribonucleoprotein in the nucleus to participate in the splicing of pre-mRNA\[[@pone.0116278.ref038]\]. Recently Lin et al identified a nuclear ribonuclear protein K that binds the EV71 5′ untranslated region in virus replication\[[@pone.0116278.ref010]\]. Our findings that galectin-1 forms a complex with the EV71 virus suggest that intracellular galectin-1 might be involved in viral RNA synthesis.

Emerging evidence has implicated galectin-1 as a crucial regulator of immune cell function, especially for T cells. Activated T cells can secrete galactin-1 as an autocrine or paracrine regulator. Galectin-1 binding to glycosylated CD45, CD4, CD3, and CD2 on T cells as a counter receptor is reported to participate in T cell homeostasis, inhibit inflammation, modulate cytokine production, and induce apoptosis\[[@pone.0116278.ref039]\]. Accumulation of proapoptotic galectin-1 in immune privileged sites provides a protective mechanism from damage by infiltrating T cells\[[@pone.0116278.ref040]\]. In EV71 patients with pulmonary edema, peripheral T cells are dramatically dropped, suggesting that severe EV71 virus disease might be correlated with immunosuppression \[[@pone.0116278.ref041]\]. An *in vitro* study has suggested that EV 71 virus-induced Fas ligand expression might lead to a depletion of T cells in patients\[[@pone.0116278.ref042]\]. In this study, we showed that high a level of galectin-1 is presented in the serum of EV71 infected patients. Since galectin-1 shows high proapoptotic activity to T cells, it suggests that the high level galectin-1 in EV71 patients may contribute to T cell depletion and hence promote disease progression. According to our results, increased levels of serum galectin-1 were detected only in severe EV71-infected patients, not in non-severe EV71-infected patients, compared to control group. This suggests that serum level of galectin-1 may serve as a biomarker in severe EV71 infection. However, only limited numbers of patient specimens were tested in this study. We need to collect more clinical specimens to test this application of galectin-1 in EV71 infection. In conclusion, our findings uncover a new role of galectin-1 in facilitating EV71 virus infection and provide a potential therapeutic target for EV71 patients.

Materials and Methods {#sec008}
=====================

Cells, viruses, and reagents {#sec009}
----------------------------

RD (rhabdomyosarcoma) and SK-N-SH (human neuroblastoma) cells (ATCC) were maintained in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum (FBS) with100 IU penicillin/ml and 100 mg streptomycin/ml. Enterovirus 71(EV71/Tainan/4643/98, GenBank accession number AF304458) was propagated in RD cells or SK-N-SH cells as described previously\[[@pone.0116278.ref043],[@pone.0116278.ref044]\]. Recombinant human Gal-1 including a (His)^6^ tag sequence (rh-Gal-1) was expressed in *Escherichia coli* and purified to homogeneity\[[@pone.0116278.ref045]\]. The galectin-1 was dissolved in double-distilled water, and the working stock concentration was 1 mg/ml. The lectin activity of recombinant galectin-1 was also determined by monitoring the hemagglutination activity (see [S3 Fig](#pone.0116278.s003){ref-type="supplementary-material"}.). Plasmids pFLAG-MSCV-VP1, pFLAG-MSCV-VP2 and pFLAG-MSCV-VP3 were kindly provided by Dr. Shainn-Wei Wang of the Institute of Molecular Medicine, National Cheng Kung University.

Patient Enrollment {#sec010}
------------------

Clinical specimens were collected from the Departments of Emergency Medicine and Pediatrics of National Cheng Kung University Hospital. Patients were confirmed virologically for EV71 infection. Total sera of 7 EV71 patients with aseptic meningitis, brain stem encephalitis or pulmonary edema were collected and grouped as severe EV71-infection. The sera of 5 EV71 patients with only HFMD or herpangina were collected and grouped as non-severe EV71-infection. Moreover, the sera of 12 healthy comparable volunteers were also collected to detect free form of galectin-1. This study was approved by the Clinical Research Ethics Committee of National Chen Kung University Hospital. Written informed consent was obtained from the participant's parents or guardians.

Generation of galectin-1-/- EV71 virus {#sec011}
--------------------------------------

Galectin-1 was silenced in SK-N-SH cells by stably expressing lentivirus-based shRNA, which targeted human galectin-1. The clone was obtained from the National RNAi Core Facility (Institute of Molecular Biology/Genomic Research Center, Academia Sinica, Taiwan). The target sequence for galectin-1 is TRCN000005742 5′-CCTGAATCTCAAACCTGGAGA-3′, and that for control luciferase is TRCN0000072247 5′-GAATCGTCGTATGCAGTGAAA-3′. The recombinant lentivirus was produced by co-transfection with two helper vectors, pCMVdeltaR8.91 and pMD.G, and a target vector pLKO.1-puro-shRNA to 293T cells. SK-N-SH cells were then infected with recombinant lentivirus for 24 hours, and stably expressed cells were selected by puromycin. The knockdown efficiency of target proteins was determined by Western blotting. To generate galecin-1-/- EV71 virus, the silenced SK-N-SH cells were infected with wild type EV71 virus at MOI = 5 for 12 h and then the released virus was collected. The virus title was further determined by plaque assay.

ELISA and galectin-1 pull down assay {#sec012}
------------------------------------

For galectin-1 binding, EV71 was added to a 96-well plate that was pre-coated with 0.4 μg/well of galectin-1, then the anti-EV71 antibody mAb979 (Millipore Corporation, USA) was added, followed by goat anti-mouse IgG antibody HRP-conjugate to detect the binding activity. The reaction was developed by TMB substrate (Clinical, Mansfield, MA) and the optical density at 450 nm (OD~450~) was determined. For galectin-1 to pull down EV71 virions, EV71(1×10^6^ PFU) was incubated with 5, 10, or 20 μg recombinant galectin-1 at 4°C overnight and TALON metal affinity resins were used to pull down galectin-1. The protein level of VP1 was detected by Western blotting with an anti-EV71 IgY (Genesis, Taiwan).

Infection of EV71 in SK-N-SH cells or RD cells {#sec013}
----------------------------------------------

SK-N-SH cells or RD cells were infected with EV71 at MOI = 1 for 8 h at 37°C and 5% CO~2~. The infected cells were fixed with 4% paraformaldehyde and permeabilized with 0.1% saponin on ice for 20 and 15 minutes, respectively. The viruses were detected by 1:1000 diluted anti-EV71 antibody (mAb979) and Alexa488 conjugated donkey anti-mouse IgG antibody and analyzed through flow cytometry. For detecting the cellular binding of EV71, SK-N-SH cells (5×10^4^ cells/tube) were incubated with wild type or galectin-1-/- EV71 at 4°C for 2 h. The unbound viruses were washed out and the viruses that bound to the cell surface were detected by anti-EV71 or anti-galectin-1 antibody, and then analyzed by flow cytometry.

Plaque assay {#sec014}
------------

SK-N-SH cells (2×10^5^ cells/well) were seeded in a 24-well plate to form a monolayer for 18 h, and the cells were then infected with serial diluted viruses. After 1 h incubation at 37°C, 1.6% methylcellulose with 2% FBS was added for further incubation at 37°C for 72 h. Crystal violet was overlaid to determine plaque formation.

Immunofluorescent assay {#sec015}
-----------------------

For EV71 infection, SK-N-SH or RD cells (1×10^5^ cells) were incubated with EV71 at MOI = 1 for 8 h. The infected cells were fixed with methanol on ice for 10 minutes. The cells were stained with rabbit anti-galectin-1 antibody (Abcam Inc, USA) and anti-EV71 antibody (mAb3324, Millipore Corporation, USA) at 4°C for 18 h. After washing, Alexa488-conjugated goat anti-rabbit IgG antibody and TRITC conjugated goat anti-mouse IgG antibody were used to detect galectin-1 and EV71, respectively. The cell nuclei were stained with Hoechst 33258. The co-localization of galectin-1 and EV71 was analyzed using confocal microscopy.

Western blotting and immunoprecipitation assay {#sec016}
----------------------------------------------

Total proteins of EV71-infeced SK-N-SH or RD cells were extracted with lysis buffer (20 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM Na2EDTA, 1 mM EGTA, 1% Triton, 2.5 mM sodium pyrophosphate, 1 mM beta-glycerophosphate, 1 mM Na3VO4, 1 μg/ml leupeptin). Proteins were separated by SDS-PAGE and transferred to PVDF membranes. The membranes were blocked and incubated with primary antibodies. After incubation with peroxidase-conjugated secondary antibodies, the blots were visualized by enhancing chemiluminescence reagents (PerkinElimer Life Sciences, Boston, MA). For the galectin-1 or EV71 immunoprecipitation assay, cells were extracted by lysis buffer and the extracted proteins were then collected. Anti-galectin-1 or EV71 antibody and protein G-Sepharose beads were added to the extracted proteins at 4°C. The beads were isolated and washed by centrifugation and the bound proteins were determined by Western blotting as described above.

EV71 infection in mice {#sec017}
----------------------

C56BL/6 mice were raised and cared for according to the guidelines set up by the National Science Council, ROC. The mouse experiments were approved by the institutional animal care and use committee of National Cheng Kung University (Permit Number: 100068). One-week-old C56BL/6 mice were infected with 10^6^ PFU of wild type or galectin-1-/- EV71 by intraperitoneal injection. Mice were observed twice daily for clinical illness and death as previous described \[[@pone.0116278.ref046]\]. Clinical illness was graded as follows: 0, healthy; 1, ruffled fur and hunchbacked appearance; 2, wasting; 3, limb weakness; 4, limb paralysis; and 5, moribund and death. The mortality was monitored every day post infection. The survival rate was found to be significantly different at p\< 0.01 according to a Log-rank (Mantel-Cox) Test.

Statistics {#sec018}
----------

Statistical analysis was performed by using Graphpad Prism software. Differences in groups of patient's serum galectin-1 were compared using Kruskal-Wallis one-way analysis of variance (ANOVA) with Dunn's posttest. Log-rank (Mantel-Cox) Test was used to analyze differences in group survival rates. Other experimental data were analyzed using one-way analysis of variance (ANOVA) followed by Tukey's multiple-comparison posttest. A P value less than 0.05 was considered significant.

Supporting Information {#sec019}
======================

###### EV71 virus binds to various lectins.

EV71 viruses (1×10^6^ PFU) were added to ELISA plate coated with different lectins such as Con A, LCA, RCA, DBA or WGA. The bound virus was detected by anti-EV71 antibody and HRP-conjugated goat anti-mouse IgG antibody.

(TIF)

###### 

Click here for additional data file.

###### Electronic micrographs of WT and gal-1-/- EV71 viruses.

WT or gal-1-/- EV71 viruses were either heated at 39°C for 1 hour or not. The structures of these viruses were observed by electron microscopy (×60,000). Arrows indicate contact viruses; arrow heads indicate disrupted viruses.

(TIF)

###### 

Click here for additional data file.

###### Hemagglutination of human blood cells by recombinant galectin-1.

Hemagglutination of human O-type blood cells by lectins was performed in a 96-well microtiter plate. Serious dilution of plant lectin Con A and recombinant galectin-1 were added to the 96-well plate containing 0.05% blood cells for 2 hours at room temperature. The agglutination activity was determined on the sedimentary state of the blood cells.

(TIF)

###### 

Click here for additional data file.
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